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A COMPARISON OF THEORETICAL PREDICTIONS AND
HEAT-TRANSFER MEASUREMENTS FOR A FLIGHT
EXPERIMENT AT MACH 20 (REENTRY F)*

By P. Calvin Stainback, Charles B. Johnson, Lillian R. Boney,
and Kathleen C. Wicker
Langley Research Center

SUMMARY

Predicted heating rates were compared with measured laminar, transitional, and
turbulent heating rates obtained on a flight vehicle designated Reentry F. The compari-
sons were made over an altitude range from 36.58 to 18.29 km (120 000 to 60 000 ft)
where the flight velocity was approximately 6.10 km/sec (20 000 ft/sec, Mach 20). At
the higher altitudes the mean trim angle of attack was about 0.1°; however, at the lowest
altitude the local effective angle of attack increased to about 1.5° at the most forward
measuring station due to vehicle trim and thermal distortion.

The measured transitional and turbulent heating rates agreed well with the predicted
rates. Laminar heating rates were in fair agreement with predictions from a linearized
laminar flow theory for sharp cones at angle of attack. Predictions of laminar heating
rates obtained by using a modified tangent-cone theory were poor when compared with
flight and wind-tunnel data at local effective angles of attack greater than a few tenths of
a degree.

INTRODUCTION

The optimum design of heat protection systems for vehicles that operate at high
Mach numbers in the atmosphere requires reliable predictions of the heating rates, par-
ticularly for a transitional and turbulent boundary layer. Existing theoretical prediction
methods are based on data obtained in ground facilities and limited flight experiments
(refs. 1 to 3) where most of the test conditions fall significantly short of those experi-
enced by vehicles operating at high Mach numbers.

Because of these limitations of present transitional and turbulent heat-transfer data,
the Reentry F flight experiment was conducted to obtain heating-rate data at boundary-
layer edge Mach numbers up to 15, total enthalpies of about 18 J/mg (8000 Btu/1b), and
wall-to-total enthalpy ratios of about 0.03. These heat-transfer data can be used to eval-
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uate and to extend the range of present data correlations obtained from ground facilities
and other flight experiments and also to evaluate current turbulent-boundary-layer theo-
ries (refs. 2 and 3) and guide future development of these theories.

Analyses of the heating rates measured on the Reentry F vehicles were made in
references 4 and 5. The analysis presented in reference 4 was the initial evaluation of
the data. A more complete analysis of the data was given in reference 5 in which the
laminar and turbulent heating-rate data were compared with predictions from current
correlation methods using sharp-cone conditions (also blunt-cone conditions for the lam-
inar data) at the edge of the boundary layer. The data were also compared with prelimi-
nary results obtained by using the variable-entropy methods described in references 6,
7, and 8. The present report presents a more complete analysis of the data with these
variable-entropy effects taken into account.

A limited amount of heat-transfer data obtained from wind-tunnel tests are also
presented. These tests were conducted to ascertain the effects of vehicle geometry and
angle of attack on heating rates and to determine whether such effects could account for
the decrease of the measured Reentry F laminar heating rates with the increase in density
(refs. 4 and 5). Predictions from a linearized laminar-boundary-layer theory for sharp
cones at angle of attack are compared with results from the flight and wind-tunnel tests.

Several other reports have been published which describe the Reentry F vehicle and
test results; some of these publications that provide basic data for the present report are
references 9 to 14.

SYMBOLS

Values are given in both SI and U.S. Customary Units. The measurements and cal-
culations were made in U.S. Customary Units.

h altitude

M free-stream Mach number

q heating rate

q, heating rate at angle of attack

qa =0 heating rate at zero angle of attack

Rg Reynolds number based on local conditions



Reynolds number based on free-stream conditions

)

T nose radius

s surface distance from stagnation point

S¢,b location of the beginning of transition

St e location of the end of transition

t wall-to-total enthalpy ratio

Ve free-stream velocity

X distance from virtual origin of conical surface

o ~ mean trim angle of attack

@ otf effective angle of attack, a + &

i) local angle of distortion

f¢ cone angle of wind-tunnel model (8, = 50)

ec’eﬂ cone angle used to obtain surface pressﬁres by tangent-cone theory
fg cone angle for shock shape

o azimuthal angle in cylindrical coordinate system
Subscripts:

lam laminar

turb turbulent

w local value at surface




FLIGHT VEHICLE AND TRAJECTORY

Description of Vehicle

The Reentry F flight vehicle (fig. 1), was a 5° half-angle cone 3.962 m (156 in.)
long with an initial nose radius of 2.54 mm (0.100 in.). Except for the graphite nose,
the vehicle was constructed from several truncated beryllium conical shells 1.542 em
(0.60 in.) thick bolted together to form the conical surface. (See ref. 10.) The nose of
the vehicle, from x =2.44 cm (0.96 in.) to 21.59 cm (8.5 in.), was constructed from
graphite to withstand the severe heating near the apex. This nose section had an initial
cone half-angle of 5.38%. This change in cone angle resulted in a 1.016-mm (0.040 in.)
rearward-facing step at the graphite-beryllium junction which prevented a forward-facing
step during the data acquisition period. A gap was also provided at the graphite-beryllium
junction to allow for thermal expansion of the outer graphite shell of the nose. This gap
tended to close during the data period. (See ref. 10 for construction details of the nose.)
Dimensions of the exterior geometry of the graphite nose are shown in figure 1.

Instrumentation

The vehicle was instrumented with thermocouples at 21 stations with 12 stations
located on one conical ray (fig. 1). The ray with 12 stations has been denoted the major
ray. The calculations presented herein are applied mainly to this ray. A detailed
description of the Reentry F instrumentation is available in reference 10.

Trajectory and Vehicle Motion

The vehicle was launched from the NASA Wallops Station on a modified Scout vehi-
cle. The launch operation and trajectory are described in reference 10. The prime
data acquisition period occurred over the altitude range from about 36.58 to 18.29 km
(120 000 to 60 000 ft). However, the body motions were such that below an altitude of about
27.43 km (90 000 ft) the trim angle of attack increased, with the major thermocouple ray
being continuously located on the leeward side of the body. (See ref. 11.) Consequently,
the temperatures of the beryllium shell were higher along the ray opposite the major ray
and, as a result, some axial distortion or bending of the vehicle occurred. The analysis
of this thermal distortion is given in reference 14.

The mean trim angle of attack, as measured from the axis of symmetry of the
undeformed vehicle (that is, from the axis of symmetry at the center of gravity), never
exceeded 0.750 during the data acquisition period (ref. 11). However, thermal distortion
increased or decreased the local inclination angle at points along the body with respect to
the free-stream-velocity vector. For example, at an altitude of 18.29 km (60 000 ft) the
trim angle of attack was 0.75%; however, thermal distortion increased the local angle of
attack at the most forward thermocouple station (x = 40.6 cm or 16 in.) to 1.55°. This
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angle of attack is large for a 5° cone; however, it must be noted that this angle occurred
only at the most forward station for the latest time at which data have been used.

Although the main thermocouple ray was predominately leeward below an altitude
of about 25.91 km (85 000 ft), it was not the most leeward ray. The mean roll angle for
the main ray was about 10° for altitudes below 25.91 km (85 000 ft). (See ref. 11.) This
displacement of the main ray from the most leeward position could have some slight influ-
ence on the local heating rates. The influence of angle of attack and roll on local heating
is discussed in a subsequent section where ground facility test data are described.

WIND-TUNNEL INVESTIGATION

Model

In support of the Reentry F flight experiment, a wind-tunnel investigation was con-
ducted to determine the effect of the rearward-facing step and the gap at the graphite-
beryllium junction on heating and transition. The model was a 50 half-angle cone 72.4 cm
(28.5 in.)- long that could be tested with various nose configurations. The model was made
with a longitudinal thin-skin region to measure heating in a streamwise direction. A nose
having a 2.44-mm (0.096 in.) radius was used with the model to simulate the forward
72.4 cm (28.5 in.) of the Reentry F vehicle. A nose radius of 0.504 mm (0.020 in.) was
used to simulate the maximum value of 8/Th for the flight vehicle. '

Five nose configurations were used during the wind-tunnel tests and their pertinent
data are given in the following table:

conf?g?lsrztion T (in.) Surface
1 0 Smooth
2 2.54 (0.10) Smooth
3 2.44 (0.096) Step gap (Reentry F nose)
4 0.508 (0.020) Step gap (Reentry F nose)
5 2.44 (0.096) Forward-facing step (simulate
failure of nose flank)

Models having smooth nose surfaces with radii of 0 and 2.54 mm (0.10 in.) were
used as the reference configurations. Nose configurations having 2.44-mm (0.096 in.)
and 0.508-mm (0.020 in.) radii simulated the preflight nose of the Reentry F vehicle
and are the third and fourth configurations listed in the table. A fifth configuration had
a forward-facing step at the graphite-beryllium station of the vehicle. This last configu-
ration simulated a failure of the outer shell of the graphite nose that would produce a
3.56-mm (0.14 in.) forward-facing step at the graphite-beryllium junction.



Test Procedure and Data Reduction

The tests were conducted in the Langley Mach 8 variable-density hypersonic tunnels
over a unit Reynolds number range from about 2.2 x 106 to 33 x 106 per meter (0.67 x 106
to 10.0 x 106 per foot). The tunnel operates in the blowdown mode. It has a contoured
nozzle that produces a uniform Mach number of 8 in the test section at a stagnation pres-
sure of 3.5 N/mm2 (500 psia). For lower and higher stagnation pressures, the Mach
number is slightly lower and higher, respectively. For a more complete description of
the tunnel, see references 15 and 16,

The model was tested over an angle-of-attack range from 0° to 1.5° in 0.50 incre-
ments. For some of the tests, the thermocouples were alined on either the windward or
leeward ray. Other tests were conducted with the thermocouples rolled 10° from the
most windward and leeward rays. These latter tests were made because the flight data
indicated that during a significant portion of the data acquisition period the mean location
of the main thermocouple ray was 10° circumferentially from the most leeward ray.

The heating rates to the wind-tunnel model were obtained by using the calorimeter
technique. The procedure was to shield the model at room temperature from the test-
section flow during the time steady flow conditions were being established in the test
section. After steady flow conditions were established, the model was rapidly injected
into the flow. The temperature was recorded 20 times per second. The heat-transfer
rates were calculated by fitting a second-degree curve to the temperature history and
evaluating the change in temperature with respect to time at about 0.50 sec after model
injection. Because of the early time at which data were reduced, the model was at
approximately room temperature; this resulted in the data being obtained at a wall-to-
total temperature ratio of about 0.40.

For further details of the testing technique and the data reduction methods, see
reference 17.

RESULTS AND DISCUSSION OF FLIGHT EXPERIMENT
AND COMPARISON WITH THEORY

The heat-transfer data for the flight experiment were obtained from reference 13.
The theoretical method for predicting the laminar heating rates was described in refer-
ence 7. The transitional and turbulent heating method was described in reference 8. The
modified tangent-cone method for including the effect of angle of attack on the laminar,
transitional, and turbulent heating predictions is described in reference 6. Data and
theoretical predictions are presented for the flight conditions listed in table 1. These
conditions represent, to good accuracy, the most probable nose radius, mean trim angle
of attack, vehicle deformation, and location of the beginning and end of transition. (See
refs. 4, 9, 10, 11, 12, 13, and 14.) At h = 18.29 km (60 000 ft) thermal distortion was
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large near the nose of the vehicle but decreased to about 0.10° at x = 190.5 cm (75 in.).
At this altitude, boundary-layer transition occurred near the nose and fully developed tur-
bulent flow occurred farther rearward. Hence, two cases for different local angles of
attack are presented in table I for an altitude of 18.29 km (60 000 ft). The first case
listed (a off = 0.7500) represents the conditions assumed to be most applicable for the
turbulent portion of the boundary layer. The second case (aeff = 1.550) represents the
conditions for the station at x = 40.6 cm (16 in.). Since boundary-layer transition
occurs near this station, it has been assumed that the second case is most applicable

for the laminar boundary layer at the beginning of transition. The shock shape calcu-
lated for a 5° half-angle cone at zero angle of attack was used in all the calculations.

Laminar Tangent-Cone Theory

As shown in figure 2, the laminar-tangent-cone predictions and the flight data agreed
within 25 percent at altitudes between 36.58 and 24.38 km (120 000 and 80 000 ft) where
the angle of attack was always less than 0.2°. For example, at h = 36.58 km (120 000 ft)
the data were about 15 to 25 percent greater than the theoretical values. The flight data
decreased relative to the theoretical predictions as altitude decreased until at h = 24.38 km
(80 000 ft) the flight data were about 10 percent less than the predicted values. At lower
altitudes, the mean trim angle of attack increased from 0.2° to 0.75° and the flight data
continued to decrease with respect to the corresponding predictions until at h = 18.29 km
(60 000 ft) the data were only about 40 percent of the theoretical data (fig. 2(j), s <51 cm
(20 in.)).

The effect of thermal distortion was included in the laminar theory only at
h = 18.29 km (60 000 ft); however, the improvement in the predictions at the other alti-
tudes where thermal distortion should be included would be minor. Therefore, it appears
that laminar boundary-layer theory based on the tangent-cone concept is inadequate to pre-
dict the laminar heating to the Reentry F vehicle when the mean trim angle of attack
exceeds only a few tenths of a degree.

Linearized Laminar Theory

Because of the failure of the laminar tangent-cone theory to predict the measured
heating rates, a relatively simple (but general) linearized theory for sharp cones at angles
of attack (ref. 18) was used to predict the laminar flight data. The quantity q o /q =0
was obtained from the theory of reference 18, and 9,-0 Was obtained by the method of
references 6 and 7. In all the theoretical predictions, the quantity q, /q a=0 Vas calcu-
lated for the local effective angle of attack obtained from the combined mean trim angle
of attack (ref. 11) and local vehicle deformation (ref. 14). The local effective angles of
attack used are given in table II.



The results of these predictions are represented by dash-line curves in figure 2.
For all altitudes the agreement of the data is better with the linear sharp-cone predictions
than with the tangent-cone predictions. The improvement is, of course, small at high alti-
tudes where the angle of attack is smallest. The improvement becomes significant at
h =18.29 km (60 000 ft) where the local angle of attack equals 1.55% at x = 40.6 cm
(16 in.). (See fig. 2(j).) At this altitude the linear theory is perhaps only 25 percent
above the data, whereas the tangent-cone theory is at least 150 percent greater. The

agreement between the flight data obtained from a blunt <100 = rs_ = 1000) conical vehicle
n

and the linear theoretical predictions for a sharp cone was unexpected. The agreement
may be due to the large number of nose radii downstream of the stagnation point for which
the flight data were obtained and the corresponding small effect of nose bluntness for

a # 0°. Also, variable entropy caused by the blunt nose may not have much effect on the

prediction of qa/qa=0.

Turbulent Tangent-Cone Theory

The turbulent predictions from the integral theory used in reference 6 and described
in reference 8 are from 10 to 20 percent below the data at all altitudes where fully devel-
oped turbulent flow existed on the vehicle (fig. 2). Probably the most uncertain quantity
used in the turbulent flow analysis was the value of the Reynolds analogy factor. The
review of Reynolds analogy factors in reference 19 illustrates the large uncertainty that
exists for the variation of the Reynolds analogy factor with Mach number, wall-to-total
enthalpy ratio, and other parameters. The Reynolds analogy factor used in reference 6
and discussed in reference 8 was obtained by fitting a second-degree curve to the data of
reference 19. The equation was assumed to be valid over the range of wall-to-total
enthalpy ratios from 0.2 to 0.65; for values below 0.2 the Reynolds analogy factor was
assumed to be 1.0. The wall-to-total enthalpy ratio for the Reentry F flight was about
0.05; therefore, the Reynolds analogy factor for the present calculations shown in figure 2
was 1.0. Because of the scatter in the available Reynolds analogy factor data, it is highly
probable that the value of 1.0 is low. If the Reynolds analogy factor is increased by
10 percent to a value of 1.1, the theory of references 6 and 8 would underpredict the flight
data by at most 5 percent over the entire data acquisition period for which turbulent data
were obtained. This result suggests that a better value for the Reynolds analogy factor
would be 1.1 for applying the theory of references 6 and 8 to high-speed flight.

The integral theory of references 6 and 8 was used to predict the heating rates in
the transition region. At the beginning of transition the theoretical predictions were
matched to the flight data. This matching procedure was used because of the large dis-
crepancy between the data and the tangent-cone laminar predictions. The matching was
done by calculating a Stanton number from the measured heating rates and the local
stream condition computed from the laminar tangent-cone theory. A Reynolds analogy



factor of 1.0 was then used to obtain an initial value for the skin friction coefficient. All
other initial quantities were obtained from solutions of the laminar-boundary-layer equa-
tions. Application of this matching method gave good prediction for the trends in the
heating rates in the transition region (fig. 2). The absolute magnitudes of the predicted
heating rates are in good agreement with the data at h = 27.43 and 21.34 km (90 000 and
70 000 ft); however, the predictions and data disagree by as much as 50 percent for one
data point in the transition region at h = 24.38, 22.86, and 18.29 km (80 000, 75 000, and
60 000 ft). In view of the complexity of the flow in the transition region, these results are
considered satisfactory.

RESULTS AND DISCUSSION OF WIND-TUNNEL TESTS

Turbulent Data

The turbulent heating results are presented in figures 3 and 4 for the leeward and
windward rays. In figure 3 the turbulent heating rates at angle of attack for models
with the 2.54-mm-radius (0.100 in.) smooth nose and the 2.44-mm-radius (0.096 in.)
Reentry F nose were divided by the measured turbulent heating rate for the model with
the 2.54-mm-radius (0.100 in.) smooth nose at zero angle of attack. The reference tur-
bulent heating rates for models with the sharp nose and the 0.508-mm-radius (0.020 in.)
nose were their respective measured turbulent values at zero angle of attack. The data
at the various angles of attack were obtained during different wind-tunnel tests; therefore,
the total pressure and temperature and the wall temperature were, in general, somewhat
different for the various tests. Correction factors for the heating-rate ratios were
derived to account for these differences by using the Blasius skin-friction equation and
Colburn's Reynolds analogy factor with the reference temperature expressions of refer-
ence 20. The derivation is given in the appendix.

The heat-transfer distribution indicated that little turbulent flow occurred on the
models with the large nose radii (2.54 and 2.44 mm or 0.10 and 0.096 in.). Hence, it is
not certain that a fully developed turbulent boundary layer existed on the models with
these nose radii. Turbulent data were available over a greater length of the models
when the smaller nose radii (rn =0 and 0.508 mm or 0.020 in.) were used.

Curves were faired through the heating-rate-ratio data and the ratios for the larg-
est s values (figs. 3(a) to (d)) or the faired asymptotic values (figs. 3(e) to (g)) were
plotted against angle of attack for the windward and leeward rays in figure 4. As noted
previously, the small-nose-radius data probably represent the better variation of the
heating-rate ratio for the fully developed turbulent flow with angle of attack than the large-
nose-radius data. Hence, a curve was fitted to the small-nose-radius data and the follow-
ing relationship was obtained:




q
2 0.1333a cos ¢ (1)

9 -0

The theoretical equations used in references 4 and 5 to correct the heat-transfer data for
angle of attack and azimuthal angle can be expressed as

g
=0

=1-0.25x cos ¢ (2)

Therefore, the present results show much less effect of angle of attack on turbulent heat-
ing than the theoretical values used in references 4 and 5.

It was noted in reference 5, however, that the turbulent heating-rate ratio for the
Reentry F flight data could be represented as follows:

A
a=0

=1-0.15a cos ¢ (3)

This result is in close agreement with the present wind-tunnel results given by
equation (1).

For small nose radii, a 10° roll had a negligible effect on the turbulent- -heating-
rate ratio (fig. 4). There appears to be some influence of roll on the heating-rate ratio
for the Reentry F model nose but, because of the limited amount of turbulent data, this
evidence is inconclusive.

The wind-tunnel tests, conducted with various noses over a limited angle-of-attack
range, show that for fully developed turbulent flow, the Reentry F nose geometry and a
10° roll do not significantly influence the rate of heat transfer to the windward and lee-
ward rays of the Reentry F vehicle. Also, the wind-tunnel data and the results of refer-
ence 5 show that the influence of angle of attack should not exceed +10 percent since the
local angle of attack in the turbulent-flow region never exceeded 0.8°.

Laminar Data

The laminar heating-rate results obtained from the wind-tunnel investigation are
presented in ratio form in figure 5. The laminar heating rates at angle of attack for
the models with the 2.54-mm-radius (0.10 in.) smooth nose and the 2.44-mm-radius
(0.096 in.) Reentry F nose were divided by the measured laminar heating rate for the
model with the 2.54-mm-radius (0.10 in.) smooth nose at zero angle of attack. The ref-
erence laminar heating rates for models with the sharp nose and the 0.508-mm -radius
(0.020 in.) nose were the respective measured laminar values at zero angle of attack.
The heating-rate ratios were corrected for differences in total pressure and temperature
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and wall temperature by using the results of reference 21. The derivation of the correc-
tion factor is given in the appendix. Although considerable scatter exists in the corrected
data, it is believed that meaningful trends can be obtained from the data.

Figure 5(a) shows that, at angle of attack, there is a large variation of the heating-
rate ratio along the sharp cone on the leeward ray. This variation was unexpected since

it is usually assumed that q « -—11;- along conical rays at angle of attack (ref. 18) and,

s
when the data are presented in the form of qa, /q =0’ the effect of Reynolds number would

cancel. A limited test was conducted with a 10° half-angle cone, which had better instru-
mentation than the 5° half-angle conical model, to further investigate this variation.
These results are discussed subsequently.

The sharp-cone data of figure 5(a) are plotted as a function of angle of attack for
the windward and leeward rays in figure 6. The bars represent the maximum variation
of the laminar heating rates, and the symbols represent the value of the heating rate
obtained from a fairing of the data from figure 5(a) ((1) =0, ry= 0) at the largest values
of s. The Reentry F flight data are also plotted in figure 6. The zero-angle-of-attack
heating rates used to nondimensionalize the flight data were obtained from theoretical
calculations based on the methods of references 6 and 7. The angles of attack for the
flight data include the estimated effect of local thermal deformation. The Reentry F data
correlate well in this figure.

In general, the wind-tunnel data for the most leeward ray of the sharp cone varied
from the tangent-cone theoretical value near the nose to values substantially below those
from the theory as distance from the nose increased. The sharp-cone data were above
the Reentry F data on the leeward ray for angles of attack above 0.5°. On the leeward
ray the linearized sharp-cone-theory predictions (ref. 18) in figure 6 have about the same
slope with angle of attack as the wind-tunnel data (open circular symbols) but are some-
what below the data. The linearized theoretical predictions also agree with the Reentry F
data for angles of attack up to about 0.8°. However, the linearized theory does not agree
with the wind-tunnel data on the windward ray above 0.5° angle of attack.

The laminar-heating-rate data for the 2.54-mm-radius (0.10 in.) nose (fig. 5(b))
are presented in figure 7 as a function of angle of attack. A comparison of the results
in figures 6 and 7 indicates that blunting the nose of the 5 half-angle cone resulted in
some reduction of the downstream asymptotic value of the heating-rate ratio. The wind-
tunnel data shown in figure 7 agree well with the Reentry F data up to an angle of attack
of about 1.0°,

The wind-tunnel data for the Reentry F nose (figs. 5(c) to (f)) are presented in fig-
ure 8 which shows the effect of nose radius and roll. The 2.44-mm-radius (0.096 in.)
Reentry F (fig. 8(a)) nose reduced the asymptotic values of the heating-rate ratio slightly
below the value for the smooth model with a 2.54-mm (0.10 in.) nose radius (fig. 7) on



the leeward ray at 1.5° angle of attack. On the windward ray the influence of the
Reentry F nose was also small and tended to increase slightly the heating-rate ratio

above the values for the smooth model. The effect of a 10° roll was negligible in the
angle-of-attack range of the investigation.

In figures 6, 7, and 8 the wind-tunnel data for the leeward ray were above the cor-
responding Reentry F data for angles of attack greater than about 0.8°, Also. on the lee-
ward surface the predictions from the linear theory for wind-tunnel conditions (tw =04,
M, = 8) were above the flight data for flight conditions (tw =0.05, M_ = 20). (See figs. 6
and 8(a).) These differences are apparently due to the different Mach numbers and values
of ty. If the predicted differences are used to correct the wind-tunnel data to flight con-
ditions, there would be good agreement between the flight and wind-tunnel data for the
angle-of-attack range of the investigation. The major discrepancy between the flight data
and the corrected theoretical predictions occurred near zero angle of attack (high alti-
tudes) where the heating rates are low and the flight measurements have the greater rela-

tive error.

The heating rates measured on the model using the nose with the forward-facing
step that simulates a flank failure of the graphite nose section are presented in ratio form
in figures 5(g) and 8(c). This configuration resulted in some reduction in the heating-rate
ratio when compared with the ratios for the Reentry F nose (rn = 2.44 mm (0.096 in.)).
These wind-tunnel data, obtained with the forward-facing step, also agree with the flight
data. However, if these wind-tunnel data were corrected for the effects of Mach number
and ty (as noted previously), the wind-tunnel data would be below the flight data. This
method of correcting the wind-tunnel data for Mach number and tw effects suggests that
the wind-tunnel data obtained with the Reentry F nose represent a good approximation of
the rate of heat transfer to the flight vehicle. Furthermore, the assumption of a failure
of the flight nose section does not improve the agreement between flight data and
predictions.

The results discussed thus far indicate that the tangent-cone method is inadequate
for predicting laminar heating rates on the most leeward ray of slender cones at small
angles of attack. A linear theory for sharp cones at angle of attack was shown to predict
both the wind-tunnel and flight data for the leeward ray to fair accuracy. A more complete
system of equations is needed to accurately predict the laminar heating rates on slender
cones at angles of attack. These equations should use the results of nonlinear inviscid
flow-field calculations for boundary-layer edge conditions (ref. 22) and the boundary-layer
equations should include the effect of cross flow in the boundary layer (ref. 23).

From the results of linear theory and wind-tunnel tests, the low laminar heating
rates measured on the Reentry F flight vehicle and described in references 4 and 5 have
been explained. The observed reduction in the heating rates was due to an increase in the
local angle of attack with a decrease in altitude (where the local angle of attack consists
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of the sum of the mean angle of attack of the body plus that due to local body bending
caused by thermal distortion). Nose bluntness causes some reduction in heating; how-
ever, this reduction is small when compared with the reduction due to angle of attack.

As noted previously, results in figure 5(a) of the laminar tests with the sharp 5°
half-angle cone at angle of attack indicated a large axial variation of the heating-rate
ratio on the leeward ray of the model. A test was conducted with a 10° half-angle cone
to further investigate this axial variation. The results of the experiment with this model
are shown in figure 9. These results show a similar variation of the heating-rate ratio
with surface distance at the highest angle of attack on the leeward ray as found with the
59 half-angle cone (fig. 5(a)). This variation also disagrees with the usual assumption

that q « _Il{_ along the rays of a cone at angle of attack. The observed difference

]
between the variations of theoretical and measured heating-rate ratios with distance on

the lee side is believed to be associated with the partial failure of the boundary-layer
equations near the tip of the cone; that is, some finite distance may be required to reach
predicted values of boundary-layer thickness on the lee side of the cone.

CONCLUSIONS

The laminar, transitional, and turbulent heat-transfer rates measured on the main
thermocouple ray for the Reentry F flight experiment over a range of altitude from 36.58
to 18.29 km (120 000 to 60 000 ft) have been compared with predictions from laminar and
turbulent theories and with wind-tunnel results. The major conclusions from these com-

parisons are as follows:

1. Measured turbulent heating rates and the predictions from an integral-type tur-
bulent theory agreed to within 10 to 20 percent over the altitude range where the boundary
layer was turbulent (27.43 to 18.29 km or 90 000 to 60 000 ft). The prediction methods
assumed a Reynolds analogy factor of 1.0. With the assumed Reynolds analogy factor
increased to 1.1, the theory underpredicted the data by at most 5 percent.

2. The laminar tangent-cone method, with flow assumed along rays, predicted the
laminar lee-side data to within 20 percent at altitudes from 36.58 to 24.38 km (120 000 to
80 000 ft) and mean trim angle of attack less than 0.15°, At lower altitudes and a mean
trim angle of attack greater than 0.4, the data were substantially below the laminar pre-
dictions. At 18.29 km (60 000 ft), the data were only 40 percent of the predictions at the
most forward thermocouple station (effective angle of attack of 1.559).

Therefore, the laminar tangent-cone theory does not provide reliable predictions
for leeward heating on slender cones (cone half-angle equal to 5°) at angles of attack
greater than a few tenths of a degree.

O 13



n———

3. Heating-rate predictions from linearized laminar theory for sharp cones at angle
of attack were in fair agreement with measured laminar heating rates on the main ther-
mocouple ray over an altitude range from 36.58 to 18.29 km (120 000 to 60 000 ft).

Langley Research Center,
National Aeronautics and Space Administration,
Hampton, Va., June 5, 1972.
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APPENDIX

CORRECTION FACTORS FOR HEATING-RATE RATIOS

Symbols

The symbols in this section are used only in the calculations presented in the appen-
dix. The symbols used and defined in the text are not redefined herein.

local skin-friction coefficient

‘t
cp specific heat at constant pressure
H local total enthalpy in boundary layer
Hg free-stream total enthalpy
M Mach number
Np, Prandlt number
Ng¢ Stanton number, where h = T 7T
p aw w
n exponent of Reynolds number in Blasius skin-friction equation
p pressure
Re Reynolds number based on local edge properties
T ‘temperature
u velocity in s-direction
v ratio of specific heats
1 coefficient of viscosity
p density



APPENDIX
Subscripts:
aw adiabatic wall
e boundary-layer local edge
t total
w wall
1 a given tunnel test condition
2 a tunnel test condition in the neighborhood of given condition 1
o0 free stream

An asterisk with a symbol indicates quantity evaluated at reference temperature of
reference 20.

A prime with a symbol denotes differentiation with respect to 7, the similarity
parameter of reference 21.

Derivation of Equations

The wind-tunnel heat-transfer data have been presented in the form of heating-rate
ratios. Since the data for the various angles of attack were obtained during different
wind-tunnel runs, the total pressure and temperature and wall temperature differed, in
general, by small amounts for the various runs. Thus, the heating-rate ratio must be
corrected to account for these differences. The laminar heating-rate ratios were cor-
rected by using the results of reference 21; the turbulent rates were corrected by using
the Blasius skin-friction equation and Colburn's Reynolds analogy factor with the refer-
ence temperature expressions of reference 20.

The basic heating-rate-ratio correction formulation is as follows:

q q qa. ._
(q a,l ) - a,l qa—O,Z (A1)
a=0,1/corrected @=0,2 a=0,1
where subscript 1 represents a given tunnel test condition and subscript 2 represents

another condition in the neighborhood of the given condition. By using the dafinitions of
a=0,2

qa=0,1

the heat-transfer coefficient and the Stanton number, the correction factor

can
be expressed as
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qa:O, 2 NSt,2(P“Cp)2(Taw i TW)z (A2)
9%-0,1 NSt,l(p“Cp)l(Taw - Tw)y

An expression for Ng; can be obtained from reference 20 by using the Blasius

where for laminar boundary layers n = 0.5 and for

skin-friction equation cp &
(Re)

turbulent boundary layers n = 0.2} and Colburn's Reynolds analogy factor. Thus,

* n * 2/3 *
Iy-0,2 Re 1) Npr 1\ = Paue,2¢p 2 (Taw - Tw)y (A3)
n * * -
qa=0’ 1 (Rg’z) NPI‘,2 pfue,lcp,l (TaW TW)]_
where the reference {*) conditions refer to
T* Te Ty, Te Taw Te
= =—14 0.5 - =]+ 0.22| =— - —<
T~ T + (Tt T, +0.22 T, T (A4)
and
Te _ Te Ty
t Teo Tt
Taw _ (1 . Te), Te
Ty Ty) Ty
r = ‘fNPr for laminar flow
S Npr
r= \/ Pr for turbulent flow
T -1
_t_ Y~ - m2
T 1+ 5 Mg

The values for Te/TOO are obtained from cone or wedge conditions. By using the
definition of Reynolds number, equation (A3) can be expressed in general terms to give

<N 17
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-

2 1+2n |/ Ty Ty

1-n - * 3/ x
Q9=0,2 [Pt Me 2\! n<§l>“ Npr1)/¢p,2 <’Lt,2) 2 1/ Teg | [Te1 Tyg
- * * * *
qa=0,1 pt,1 Me 1 ) Npr’z Cp,1 Tt 1 T Ty , 200

1-n
1-n * 5
Po2 Pe2\" Te1) Mo Tea | 2 (T_m Lw)
« pt,2 poo’2 Tt,l Tt,2 Too,z Tt Tt 9 (A5)
Po1 Pe1 | | Teg [\ T g Te,1 (32& 52)
Pty Put Ty o/ \Tt,1 Teo,1 Tt Te)

If wind-tunnel conditions 1 and 2 are not too different, equation (A5) can be simplified to

give
_<5n-2)
12n [T 909\ T 2 <Taw - Tw)
Q90,2 (pt,2>1'n<Tt,z)T Ti1 i Te1 ) [Ty Ty (A6)
90,1 “\Pg g T; 1 Ty L 200/ | Ty (Taw - 'rw>
' Tta Tt \Tt,z T/

The foregoing reductions assume that M, 1=M_ 9, Npp, and ¢, are constants, and
Sq ~ 81. Equation (A6) thus becomes for a turbulent boundary layer where n =0.2

* 0.2 0.5
Ty ., 200 Ty (Taw - TW)
2

. 0.7 +
99-0,2 (Pt 0.8 Ti 2 Ti,1 T, Ty 1 Tt .
q “\p T * * Taw - Tw\ (A7)
a=0,1 t,1 t,1 T2 200 Tz < aw w)
Itz Tea/ g g t /1
or for a laminar boundary layer where n = 0.5
* 0.5 / %\ -0.25
q 0.5 1.0 T1 + 200 T (Taw - Tw>
a=0,2 [Py <Tt,2) Tty Ty Tt 1 t (A8)
- *
Ta=0,1 \Py,1/ \Tt,1 Ty ., 200 Ty (Taw - Tw)
Tta Ty \Tt,z T )
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A second correction factor for the laminar boundary layer can be obtained for equa-

tion (A1) by using the results of reference 21. From this reference it can be shown that
the rate of heat transfer to a cone is given by

Hely Pafwd
q= 3_ e >w wrwre (A9)
2NPr,w 5

Equation (A9) is expressed in ratio form as

1 1 1 1

9%=0,2 _ <He,2> S 2\ P A2l 2 2(“e,i>2<si>2 Nerw)y (A10)
= T
qa=0,1 He 1 Cw,l pw’ “w,l Ye,1) \® (NPr,w)z

Equation (A10) can be put in the form of measured and tabulated quantities as follows:

1 1 1

2, 3 e ]
a=0,2 _ (Tt,2 (bt’i>2<Me’z> ¢w,2\ Nprow)y Pe 2 Peo 2 Peo1 Pty
qa=0,1 Tt,l pt, Me,l Cw, (NPr,W)Z poo’z pt,2 pe,l poo’l

1
2

(A11)

L i—(iu @)
o [ L,2 Tt’1‘>4<Te’2 T2 Teo 1 Tt,l) Tt Tt
T

Tio Tw,1/ \Tw2 Te 2 Te 1 et

Again, if wind-tunnel conditions 1 and 2 are not too different, equation (A11) can be
expressed as

DI

8 /0!

L (IE .\ 2oo>
2 T T T
%=0,2 =<Ttg><"t,2> Sw,2 (Tw,z t,1‘> t Tt/ a12)

[
90,1 \Tt,1/\Pe1f \& 1/\Tt.2 Tw,t/ |(Tw , 200
T, T,
A 2

Equation (A12) was used in the present report to correct the measured laminar heating-
rate ratios. The quantity C;v was predominantly a function of Tw/Tt' Therefore,
values of C"” were obtained from a curve fitted to similar solutions (ref. 21) of the
boundary-layer equation for the present tunnel conditions.
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(a) Reentry F nose; ¢ =02 r,=2.44 mm (0.096 in.).

Figure 3.- Effect of angle of attack and nose configuration on longitudinal heating rates.
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Figure 3.- Continued.
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(¢) Reentry F nose with forward-facing step; ¢ = 09; r o= 2.44 mm (0.096 in.).

Figure 3.- Continued.
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(d) Smooth nose; ¢ =0°% r, =2.54 mm (0.10 in.).
Figure 3.- Continued.
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(e) Reentry F nose; ¢ =02 r,=0.508 mm (0.020 in.).
Figure 3.- Continued.
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Figure 3.- Continued.
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(g) Smooth nose; ¢ = 0°; r,=0.
Figure 3.- Concluded.
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(a) Sharp nose (smooth surface); ¢ =0° r,=0.

Figure 5.- Wind-tunnel laminar heating rates.
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(b) Blunt nose (smooth surface); ¢ =0° r, =2.54 mm (0.10 in.)

Figure 5.- Continued.
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(c) Reentry F nose (step gap); ¢ =09 r,=2.44 mm (0.096 in.).
Figure 5.- Continued.
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(d) Reentry F nose (step gap); ¢ =109 r =2.44 mm (0.096 in.).
Figure 5.~ Continued.
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(e) Reentry F nose (step gap); ¢ =09 r,=0.508 mm (0.020 in.).

Figure 5.- Continued.
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Figure 5.- Continued.

(f) Reentry F nose (step gap); ¢ = 109, r, = 0.508 mm (0.020 in.).
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(g) Reentry F nose with forward-facing step; ¢ =09 r, =2.44 mm (0.096 in.).

Figure 5.- Concluded.
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Figure 9.- Laminar heat transfer to sharp 10° half-angle cone at angle of attack.
R, = 5.25 x 106 per meter (1.6 x 106 per foot).
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